Nematic fluctuations occur in a wide range of disparate physical systems from liquid crystals to biological molecules to solids such as exotic magnets, cuprates and iron-based high-T c superconductors. Spin-nematic fluctuations are thought to be closely linked to the formation of Cooper-pairs in iron-based superconductors. To date, it is unclear whether the anisotropy inherent in this nematicity arises from electronic spin or orbital degrees of freedom. We have studied the iron-based Mott insulators La 2 O 2 Fe 2 OM 2 M = (S, Se) that are structurally similar to the iron pnictide superconductor. A spin nematic precursor phase was revealed by a critical slowing down of nematic fluctuations observed in the spin-lattice relaxation rate
Introduction
Nematic phases occurs in a variety of very different physical systems throughout nature. A nematic phase is formed when a discrete rotational symmetry is broken or reduced, while its translational symmetry is preserved. Nematicity has been studied mostly in the structural organization of soft matter such as liquid crystals. [1] [2] [3] In these materials it is easy to visualize the nematic state's defining characteristic: the presence of a preferred axis along which liquid crystal molecules are, on average, aligned. This spatial anisotropy is generally described by C 2 rotational symmetry. In the context of cuprate high-temperature superconductivity (HTSC) bond-nematicity was introduced as a competing order to HTSC itself. In recent years nematicity has become the central focus of efforts to illuminate mechanism(s) of HTSC in iron-based superconductors (FeBS). By now, a variety of iron pnictides have been shown to exhibit electronic nematic states. 4, 5 In numerous theoretical pictures, the nematic phase is thought to be intimately related to the superconducting mechanism in iron materials. 6 The origin of the nematic phase in iron superconductors is heavily debated. Two scenarios are proposed: 5 One proposal suggests that anisotropic spin fluctuations are necessary precursors of the nematic ordering that has been experimentally observed; 7 the other claims that ferro-orbital ordering involving d xz,yz orbitals is responsible for nematicity. Complicating this debate is the fact that various Fe-based materials exhibit different magnetic order. Nematicity has been mainly studied in the 122 iron pnictides such as BaFe 2 As 2 , but recently nematic behavior was reported in the 1111 material LaAsFeO 1−x F x . 8 An important question emerges. Is nematicity a general 3 phase that exists in other Fe-based materials across the electronic phase diagram? For example, do Fe-based parent materials that are Mott insulators also exhibit nematicity? What role does electron correlation in multi-orbital systems play in the formation of the interlinked nematic and spin density wave (SDW) phase and the competing superconducting phase. 9 Increasing evidence points to an electronic mechanism of nematicity which would place the nematic order in the class of correlation-driven electronic instabilities, like superconductivity and density-wave transitions.
In this work, we report a combined experimental and theoretical investigation of magnetism intrinsic to the correlation-induced 10 Mott insulators La 2 O 2 Fe 2 O(S, Se) 2 (see Figure 1 ). Neutron powder diffraction was employed to make a magneto-structural comparison of the materials.
A spin nematic precursor phase is revealed by a critical slowing down of nematic fluctuations observed in the nuclear magnetic resonance (NMR) spin relaxation rate; this result was complemented by Mössbauer spectroscopy data. In contrast to Fe-based superconductors, orbital nematicity does not play a role in the iron oxychalcogenides, since a d xz,yz orbital degeneracy is not present due to an alternating orientation of the FeM 4 O 2 octahedra. Therefore, a different mechanism must be responsible for nematicity we observe in La 2 O 2 Fe 2 O(S, Se) 2 . Since these are Mott insulators, a strong-coupling view should be relevant. Our theoretical modeling explains the nematic fluctuations as being related to quadrupolar fluctuations in a strongly frustrated spin-1 magnet. This agrees well with NMR 1/T 1 data. Our magnetic neutron diffraction data reveal the establishment of antiferromagnetic (AFM) ordering and the similarity of magnetic behavior in these materials.
The quadrupolar fluctuations are closely related to geometric frustration in the non-collinear spin structure, which itself arises as a consequence of strong orbital selectivity in the compounds. Mössbauer spectra were analyzed by using the full static Hamiltonian
with nuclear spin operators I z , I + = I x + iI y , and I − = I x − iI y . Here B is the hyperfine field at the 57 Fe site while Q, g I , and µ N indicate the nuclear quadrupole moment, g factor and magneton, respectively. The polar angle θ and the azimuthal angle φ describe the orientation of the Fe hyperfine field B with respect to the EFG z axis. The azimuthal angle φ was set to zero to avoid cross correlation. This is justified, because the asymmetry parameter η is small and the polar angle θ is close to zero for both systems. For both samples, the whole temperature series was fitted simultaneously to determine η, then η was fixed, and then the spectra were fitted individually.
Within error bars, both samples La
In the magnetically ordered state a clear magnetic sextet is observed in La 2 O 2 Fe 2 O(S, Se) 2 data, indicating the presence of a long range ordered (LRO) state. The nature of this LRO state is the same for both systems in terms of the magnitude of the ordered moment (magnetic hyperfine field B hyp (T )) and its temperature dependence. The lines in Figure 2b ) indicate fits of the sublattice magnetization M (t) by using the equation
to the magnetic hyperfine field data. The magnetic critical exponents β crit can be estimated as fit parameters (see Table 1 ).
The 57 Fe Mössbauer spectroscopy provides clear evidence that in both systems the angle between the strongest EFG component ( local z main axis) and the magnetic hyperfine field B, θ, is equal to 0 in the magnetically ordered regime, i.e., the magnetic hyperfine field B is oriented parallel to the local z axis of the EFG principal axis system. could not be resolved). This indicates the AFM ordering within the system. In the ordered state the spectral shape changes considerably because of the development of the static internal magnetic field associated with Fe ordered moment. The field swept NMR spectra can be well described by diagonalizing the full nuclear Hamiltonian
where B is the external magnetic field, z axis being the principle axis of EFG and γ 2π = 6.0146
M Hz T
. B ⊥ (B ) are the hyperfine fields (internal fields) at the La site due to the Fe ordered moment.
At temperatures T > T N NMR field sweep spectra can be adequately described without any additional internal fields (B ⊥ = 0 mT, B = 0 mT); however two different local fields 19 The lattice change is concomitant with the decrease in V zz which suggests that EFG is influenced by the change in the crystal field associated with octahedral height.
Generally, the NMR spin-lattice relaxation rate is proportional to the imaginary part of the dynamic susceptibility at the Larmor frequency For T < 30 K, we find a smooth crossover from gap-like behavior to a gapless regime, where
Therefore, two distinct regimes are observed where 1/T 1 T 3 for T << ∆, while
The NMR relaxation rate we observed, in which an unusual power-law form 1/T 1 T 
where S i is a spin-1 operator on site i. J ij = J 1a , J ij = J 1b such that J 1a is ferromagnetic (FM) and These findings can be understood in context of spin-nematicity by considering that a field-theoretic analysis for a collinear AF yields
for T << ∆. For an AFQ ordered state the same analysis yields T −1 1
Both of these are inconsistent with our experimental findings and, at first glance, would rule out both collinear AFM and AFQ phases at low T in the oxychalcogenides. However, our results are not in conflict with the previously proposed non-collinear AFM phase in the iron oxychalcogenides. 15, 20 Furthermore, these results are exactly what is expected from dominant two-magnon induced relaxation processes in systems with a spin gap ∆. Such a two-magnon relaxation channel is naturally present in a spin-nematic state. Three-magnon processes can be ruled out, since no T 5 -dependence is observed in our experimental data (nor in the calculations) at any studied temperature. 34 Hence, our results support spin nematic fluctuations in
Were it possible to electron-dope the iron oxychalcogenides by chemical substitution or strain in order to modify their Mott insulating electronic structure, one would expect the small density of metallic carriers near the Mott transition to strongly scatter off these low-lying spin-nematic correlations. This would involve carriers propagating by emitting and absorbing two magnons in the usual view of a doped Mott antiferromagnet. The doped carriers would propagate by scattering off dynamical spin fluctuations that are encoded in the one-spin-flip fluctuation spectrum. We note that these processes might give rise to anomalous metallic features but they remain un-investigated.
In addition, the orbital selectivity that arises from the multi-orbital character of the iron oxychalcogenides will also generally lead to incoherent metallicity. These emergent quadrupolar fluctuations arise from sizable geometric frustration, which is itself a consequence of strong orbital selectivity of the compounds. 35 Our theoretical modeling shows that such orbital selectivity underpins novel signatures of spin-nematicity in the correlation-induced
Mott-insulating states of the oxychalcogenides. Along with earlier DMFT work, the present results also establish the relevance of a strong correlation-based approach for iron oxychalcogenides.
Finally, we note that a d-wave nematic has also been invoked 36 on both experimental and theoretical grounds as a competing order to high-T c superconductivity in the cuprates. Therefore, the current work addresses a contemporary issue of broad, underlying relevance to a larger set of quantum materials of current interest. 
